ABSTRACT: Experiments were conducted concurrently at 2 locations to quantify effects and interactions of calpain-system tenderness gene markers on growth, efficiency, temperament, and carcass traits of Brahman cattle. Cattle were selected at weaning from commercial and research herds based on their genotype for commercially available calpastatin (CAST) and calpain 3 (CAPN3) gene markers for beef tenderness. Genotypes for μ-calpain gene markers (CAPN1-4751 and CAPN1-316) were also determined and included in statistical analyses. The New South Wales (NSW) herd was composed of 82 heifers and 82 castrated male cattle with 0 or 2 favorable alleles for CAST and CAPN3. The Western Australia (WA) herd was composed of 173 castrated male cattle with 0, 1, or 2 favorable alleles for CAST and CAPN3. One-half of the cattle at each site were implanted with a hormonal growth promotant (HGP: Revalor-H) during grain finishing. Cattle were backgrounded at pasture for 6 to 8 mo and grain-fed for 117 d (NSW) or 80 d (WA) before slaughter. Individually, or in combination with each other and with CAPN1-4751 status, CAST and CAPN3 status had no significant (all P > 0.05) effects on BW, growth, feed efficiency, or temperament traits. The only significant effect of CAST or CAPN3 on carcass characteristics was a small increase in rib fat with increasing number of favorable CAST alleles (P = 0.042) in the WA herd. There were no significant interactions (all P > 0.05) between the markers, or between the markers and sex or HGP treatment apart from CAST × HGP for area of the M. longissimus lumborum (P = 0.024) in the NSW experiment. Favorable CAST or CAPN3 alleles appear unlikely to have detrimental effects on growth, efficiency, temperament, or carcass characteristics of Brahman cattle; however, some effects evident for CAPN1 status indicate the need for further production studies on effects of these markers. Overall, the findings of the present study indicate that calpain-system gene markers are suitable for use in marker-assisted selection to improve meat tenderness in Brahman cattle without negative effects on other production and carcass characteristics.
INTRODUCTION
Genomic technologies have underpinned discovery and use of gene markers in livestock. Certain gene markers can identify cattle with better performance for commercial traits, including meat tenderness (Barendse, 2002; acts as an inhibitor of calpain activity in the live animal and postmortem .
Various management and genetic factors affect protein turnover, which can affect growth rate, efficiency, and carcass tissue accretion. Calpastatin content is increased in cattle selected for improved net feed efficiency (McDonagh et al., 2001) . Hormonal growth promotants (HGP) operate via synthetic and degradative pathways and increase growth, muscle accretion rates, and calpastatin activity (Gerken et al., 1995) and can result in tougher meat (Dunshea et al., 2005; Watson, 2008) . The calpain-calpastatin system is also implicated in the ability of Bos indicus cattle to perform in adverse environments, and they have greater calpastatin activity and tougher meat than Bos taurus cattle (Shackelford et al., 1995; Ferguson et al., 2001) .
Hence, it is important to understand the size of effects of the gene markers for tenderness on production characteristics including growth, efficiency, and carcass attributes, and whether they interact with other factors that influence the calpain-calpastatin axis, or whether the effects are simply additive. This experiment was designed to examine mechanisms by which the gene markers work, and potential interactions with management and processing practices. This paper reports effects of gene markers on production and carcass traits. Effects of the gene markers and production and processing factors on meat quality are reported by Cafe et al. (2010) .
MATERIALS AND METHODS
Use of animals and the procedures performed in this study were approved by the Industry & Investment New South Wales (NSW) Orange Agricultural Institute Animal Ethics Committee, Commonwealth Scientific and Industrial Research Organisation (CSIRO) Rockhampton Animal Experimentation Ethics Committee, and the Department of Agriculture and Food, Western Australia (WA) Animal Ethics Committee.
Tenderness Markers and Genotyping
Tests for 4 commercially available gene markers for beef tenderness were performed at the laboratories of CSIRO Livestock Industries, Brisbane, Queensland (Qld), Australia. The 4 markers were SNP within genes controlling the calpain proteolytic system, specifically calpastatin (CAST, CAST:c.2832A > G: Barendse, 2002) , calpain 3 (CAPN3, CAPN3:c.1538+225G > T: Barendse et al., 2008) , and 2 in μ-calpain 1: CAPN1-4751 (CAPN1-4751, CAPN1:g.6545C > T: White et al., 2005) and CAPN1-316 (CAPN1-316, CAPN1:c.947C > G: Page et al., 2002) . For each marker, the alleles differ in their effects on meat tenderness, and the favorable allele is associated with more tender meat, although it is not known whether any of these SNP are causal. The favorable alleles are A at CAST, G at CAPN3, C at CAPN1-4751 and the forward strand C at CAPN1-316. The number of favorable alleles (0, 1, or 2) for each marker is used in this paper to designate the genotype of cattle for each marker.
Blood samples were collected from weaner cattle into 6-mL Vacutainers containing 10.8 mg of K 2 EDTA (Becton, Dickinson and Company, North Ryde, NSW, Australia), chilled and transported to the laboratory. The DNA was extracted from 200 μL of whole blood using Qiagen columns following the manufacturer's instructions (Qiagen Gmbh, Hilden, Germany) .
The SNP were genotyped using the Taqman MGB allele discrimination method (ABI, Foster City, CA) using the previously published Taqman probes and primers (Barendse et al., 2007 (Barendse et al., , 2008 . Two individuals curated the genotypes.
Experimental Designs
Two concurrent experiments were conducted, one at Industry & Investment NSW Agricultural Research and Advisory Station, Glen Innes, NSW (29°44′ S, 151°42′ E, altitude 1,057 m, n = 164 cattle) and one at the WA Department of Agriculture and Food Vasse Research Station near Busselton, WA (33°45′ S, 115°21′ E, altitude 25 m, n = 173). Brahman (Bos indicus, n = 1,664) cattle in commercial and research herds (n = 12 herds) were blood sampled and genotyped at weaning for the markers described above. Cattle were then selected for the experiments based on the number of favorable alleles for the CAST and CAPN3 gene markers, with these groups being as balanced as possible for the CAPN1-4751 marker. During backgrounding, additional blood samples were collected, DNA was extracted a second time, and the genotypes were confirmed.
The experimental designs and the numbers of animals at each site are detailed below and in Table 1 . The NSW experiment was designed to compare favorable alleles for CAST (0 or 2) × favorable alleles for CAPN3 (0 or 2) × HGP treatment (with or without HGP during grain finishing) × sex (heifer or castrate male) in Brahman cattle. The WA experiment was designed to compare favorable alleles for CAST (0, 1, or 2) × favorable alleles for CAPN3 (0, 1, or 2) × HGP treatment (with and without HGP during grain finishing) in Brahman cattle. Due to the low frequency of some of the SNP in the herds tested (Table 2) , some combinations of markers were difficult to source, and hence the numbers of animals in the design were not perfectly balanced for gene marker status. The design generation algorithm, used to allocate individual animals to treatment and management groups, aimed for the greatest possible balance of genetic and treatment effects, and also of management groups and property of origin, and to minimize the error variance of comparing the effects of the different marker alleles and treatment combinations (for more details see Robinson et al., 2007, and Robinson, 2009 ).
In designing the experiment, standard power calculations were performed on the design using the critical points of the normal distribution (Snedecor and Cochran, 1967) . These calculations identified that samples sizes of 164 and 173 would detect marker effects that explain 6.6 and 6.1%, respectively, of the residual variance in shear force at a 5% significance threshold with 90% power.
Experimental Procedures
Sources of Cattle. For the NSW herd, Brahman cattle were sourced at weaning from 4 commercial and 3 research herds in Central to Northern Qld (Springsure, Rockhampton, Marlborough, Julia Creek, and Millaroo regions). All progeny were from natural matings, so that no sire was represented in more than one herd of origin. Pedigrees and birth dates were known for the 3 research herds, which supplied only heifers. The cattle were 6 to 8 mo old at weaning. The cattle in the commercial herds were 100% Brahman, with 20 to 30 sires used on each property, but no pedigree information or individual birth dates were available. Cattle from commercial herds were born during the same season as the research herds and were weaned at 7 to 8 mo of age. A mixture of steers and heifers were sourced from each of the commercial herds. In total, 1,090 weaners were DNA tested to allow selection of the 164 cattle in the experiment in NSW. Blood samples were collected for DNA analysis before weaning as a matter of routine from the research herds, and during yard weaning in the commercial herds, to allow testing for tenderness gene marker status. Selection was based exclusively on the tenderness markers, with a small number of individuals being excluded due to intractable temperament or being extreme outliers in BW compared with herd mates. The cattle selected for study from the 7 herds were transported to the Qld Department of Employment, Economic Development and Innovation Brigalow Research Station, Theodore, Qld (24°50′ S, 149°46′ E, altitude 151 m) and held there for up to 4 wk while undergoing a cattle tick treatment program required for transport to NSW. They were then transported to Glen Innes, NSW, for backgrounding.
For the WA herd, Brahman steers were sourced at weaning from 4 properties in the Northern agricultural region of WA. Numerous Brahman sires were used at each property in the generation of the progeny, and no records of birth date, sire, or dam were available for individual animals. The cattle were 6 to 8 mo of age at weaning. A total of 574 animals were tested for gene marker status from which 173 were selected for the experiment. The cattle from the 4 properties were transported to Vasse Research Station for backgrounding and finishing. Although the dams were of predominantly Brahman breeding, the phenotype of a small number of the selected steers appeared to contain some Bos taurus influence. All steers were visually assessed for Bos indicus content by 2 experienced technicians, and the average estimated B. indicus content was included in the statistical analyses. The cattle assessed as having some B. taurus content were evenly distributed across the calpain-system genotypes. Backgrounding Management. The cattle were vaccinated against clostridial diseases (5 in 1, CSL Limited, Parkville, Victoria, Australia) upon arrival at the research stations and were backgrounded on temperate pasture at both sites. The NSW cattle were initially managed on pasture for 4 mo in 2 groups, with pelleted concentrate supplementation to encourage growth through the winter feed gap. The cattle were then allocated into 4 backgrounding replicates balanced for sex, gene marker status, property of origin, and previous management group. Animals remained in these replicates for 2 mo until the end of backgrounding. The WA cattle were divided into groups upon arrival at Vasse based on BW, and the groups managed for 6 mo at pasture with concentrate supplement, where necessary, to reduce BW variation between the groups. This was done to limit variation in carcass size that may cause excessive variation in carcass chilling rates during processing. It was undertaken in the early postweaning stage of the study based on evidence that small differences in growth rates during early backgrounding would have little, if any, residual affect on meat quality and other traits after common backgrounding or finishing or both of cattle of similar age (Robinson et al., 2001; Purchas et al., 2002; Perry and Thompson, 2005; Tomkins et al., 2006 ). The WA cattle were then allocated to 4 backgrounding replicates balanced for gene marker status, property of origin, and previous management group, and managed at pasture for an additional 2 mo until feedlot entry.
General Feedlot Management. After backgrounding, the NSW cattle were transported to the Australian Cooperative Research Centre for Beef Genetic Technologies Tullimba research feedlot near Kingstown (30°20′ S, 151°10′ E, altitude 560 m), NSW, for grain-finishing. The cattle were vaccinated against clostridial diseases (5-in-1, CSL Limited) and treated for external and internal parasites (Dectomax Pour-on, Pfizer Animal Health, West Ryde, NSW, Australia) the day before transport to the feedlot. After arrival at the feedlot they were allocated to 8 large open bunk pens for 4 wk while adapting to the grain-based diet. The sexes were separated at this stage to avoid possible management problems with steers and cycling heifers in confined pens. Allocation to pens was based on gene marker status, BW, and prior replicate ensuring balanced allocation across pens based on these factors. The grain-based diet was formulated to contain 12.0 MJ of ME, 160 g of CP, and 105 g of ADF/kg of DM. The cattle remained on the feedlot diet for a total of 117 d.
After backgrounding, the WA cattle were transferred into the feedlot facility at Vasse Research Station. The cattle were allocated to 1 of 12 feedlot pens. Allocation to the pens was based on gene marker status, BW, and prior replicate, ensuring balanced allocation across pens based on these factors. Adaptation to the grain-based diet occurred over a period of 2 wk. The grain-based diet was formulated to contain10.8 MJ of ME and 134 g of CP per kg of DM. The cattle remained on the grainbased diet for 80 d.
At both sites, an HGP containing 200 mg of trenbolone acetate and 20 mg of 17β-estradiol (Revalor-H, Virbac, Milperra, NSW, Australia) was implanted in the ear of cattle allocated to the HGP treatment 2 wk after arrival at the feedlot. At the end of the feedlot period, the cattle in the NSW herd were aged between 17 and 19 mo, and the cattle in the WA herd were aged between 21 and 24 mo.
Feed Intake Measurement. After the initial 4-wk adaptation period, the cattle in the NSW herd were allocated to 20 intake pens with 8 to 9 cattle per pen. Allocation to pen was based on the tenderness genotypes, sex, herd of origin and prior management groups, ensuring balanced allocation across pens based on these factors. Each intake pen contained an automated feed intake recorder that measured individual animal intake (Bindon, 2001) . The intake test period commenced after a 2-wk period of adaptation to the intake pens and ran for a period of 70 d. During the test period, the cattle were moved from their pens weekly and weighed.
Four cattle did not eat from the automatic feeders and were returned to an open bunk for the remainder of the study. At the end of the feed intake period, all cattle were returned to their original 8 open bunk pens for 6 to 8 d before slaughter. One steer became ill during the final weeks of feeding and was returned to pasture until the end of the experiment.
Net Feed Intake Calculations. Net feed intake was calculated for the NSW cattle using the method described by Arthur et al. (2001) . The growth rate for each animal over the intake test period was modeled by linear regression of its weekly BW on day of test. The regression coefficient provided the ADG over the test period. Mean test BW (MBW) was calculated as the average of the modeled start and end of test BW. Mean metabolic BW (MMW) was calculated as MBW 0.73 . The feed conversion ratio (FCR) for each animal was calculated as its DMI divided by ADG . Net feed intake (NFI) was calculated using a multiple linear regression of daily feed DMI (kg of DM/d) on MMW and ADG. The NFI of each animal was calculated as the error term in the equation
The coefficient of determination (R 2 ) for the regression model was 0.78.
Temperament Assessment. Temperament was assessed at both sites during routine handling events throughout the experiment. Flight speed (m/s) was calculated from the electronically recorded time taken for an animal to cover a known distance (approximately 1.7 m) upon release from the cattle chute (Burrow et al., 1988) .
Slaughter Procedures and Measurements. The NSW cattle were transported 370 km (approxi-mately 7 h) from the feedlot to John Dee Abattoir, Warwick, Qld, Australia, for slaughter. Four of the replicates were transported at the same time, and the remaining 4 replicates were transported 2 d later. Both groups left the feedlot mid-morning and were slaughtered around noon the next day. Animals were provided with water during lairage, and there was no mixing of replicates at any stage. After slaughter by captive bolt stunning and exsanguination, standard AUS-MEAT carcasses (AUS-MEAT, 2007) were prepared and split into 2 sides. Electrical stimulation of the carcasses was limited to that necessary for the hide removal process. Rump (P8) fat depth was measured on each carcass; both sides were weighed, the right sides rehung using a rope through the pelvic ligament (tenderstretch hang method; Thompson, 2002) , and both sides placed together in the same chiller.
For the WA herd, cattle from 6 feedlot pens were transported approximately 100 km to Harvey Beef (Harvey, WA) for slaughter the next day. The remaining one-half of the cattle were transported 2 d later and slaughtered the next day. There was no mixing of cattle from different feedlot pens during transport or in lairage before slaughter. At slaughter, cattle were stunned using captive bolt followed by exsanguination and standard AUS-MEAT carcasses prepared. Rump (P8) fat was measured, and carcasses were split into 2 sides and weighed. Electrical inputs after stunning consisted of the use of an immobilizer during exsanguination and of a back stiffener during hide removal. On the first slaughter day, there was a serious breakdown on the slaughter chain, which resulted in a 100-min delay during processing of 33 carcasses. Carcass weight and rump fat were collected on these 33 carcasses; then they were separated from the other carcasses, and no further data were collected on them. Once the remaining carcasses reached the chiller, the right side of each carcass was tenderstretched by rehanging from the pelvic bone.
Carcass Chiller Assessment. At both sites, carcass sides were chilled overnight, and then quartered between the 10th and 11th ribs. No less than 20 min after quartering, sides were Meat Standards Australia graded (Meat Standards Australia, 2009), whereby area of the M. longissimus lumborum (LLM), rib fat depth, meat and fat color scores, ossification score, marbling scores, and ultimate pH were determined for each carcass. Chiller assessment was undertaken by the same operator at both sites. Meat color was converted to a numeric scale from 1 to 9 for the purposes of analysis.
Statistical Analyses
Statistical analyses were conducted by fitting Linear Mixed Models using the REML methodology (Robinson, 1987) in Genstat V10 (VSN International Ltd., Hemel Hempstead, UK). Experimental sites (WA and NSW) were analyzed separately due to the differences in experimental designs. Fixed effects included in the model were the marker genotypes, HGP treatment, and for NSW data, sex. Random effects in the models included property of origin, backgrounding replicate and feedlot replicate, and first-order interactions CAST × CAPN3, HGP × CAST, HGP × CAPN3, and for the NSW herd, sex × HGP. Slaughter date and slaughter group were also included as random effects for carcass traits. For the WA experiment, estimated percentage Bos indicus content was also included in the analyses as a covariate (see Sources of Cattle subsection of Experimental Procedures), but did not have a significant effect (all P > 0.05) on any measured variables. In the NSW herd, the number of animals with 2 favorable alleles for the CAPN1-4751 marker was small (n = 8).
To avoid undue influence on estimates of means, the main effect of this marker was fitted for 0 and 1 favorable alleles, with an additional fixed covariate used to model the difference between 2 and 1 favorable alleles. This difference was never significant (all P ≥ 0.14) except for ossification score (P = 0.05); hence, results are reported in Table 5 only for 0 and 1 favorable alleles of CAPN1-4751. A significance level of P < 0.05 and a tendency level of P < 0.10 were used for main effects and interactions.
RESULTS

Gene Marker Frequencies
The overall frequencies of favorable alleles for the gene markers in the cattle from the source herds are presented in Table 2 . There was some variation in genotype frequency between Brahman cattle sourced in Qld and those sourced in WA. Among those sourced in Qld, 40% had 2 favorable alleles for CAST and 21% had 2 favorable alleles for CAPN3. Among cattle sourced in WA, 31 and 39% had 2 favorable alleles for CAST and CAPN3, respectively. The frequency of favorable alleles for CAPN1-4751 was small in both Brahman populations, with 5% of cattle from Qld and 10% of cattle from WA having 2 favorable alleles.
Effects of Site
Because the statistical analyses were performed separately for the 2 sites, and heifers were not studied in WA, general comparisons were only made between sites for the steer component of the study. Overall, the cattle at the 2 sites had comparable BW and ADG throughout the experiment. Feedlot exit BW (raw mean ± SD) of NSW steers was 454 ± 56 kg, compared with 449 ± 51 kg for WA steers. The NSW steers grew at 1.2 ± 0.3 kg/d in the feedlot and WA steers at 1.3 ± 0.3 kg/d.
Effects of Gene Markers
Tenderness gene marker status had little effect on production or carcass characteristics of the cattle at either site.
CAST Marker. The effects of the CAST marker on production, efficiency, and carcass traits are pre-sented in Table 3 . No differences were evident in BW, growth rate, or flight speed in either herd due to CAST genotype at any stage of the experiment (all P ≥ 0.11). The CAST marker status did not significantly (P = 0.21) affect feed efficiency in the NSW cattle, though there was a tendency (P = 0.08) for feed intake to be less in cattle with 2 favorable CAST alleles. The only significant difference (P = 0.042) in carcass characteristics due to CAST status was in the WA cattle, which had greater rib fat with increasing number of favorable CAST alleles. This marker did not significantly affect rump fat in the WA cattle, although the mean values trended in the same direction.
CAPN3 Marker. The effects of the CAPN3 marker on production, efficiency, and carcass traits are presented in Table 4 . No differences were evident in BW, growth rate, or carcass characteristics in either herd due to CAPN3 genotype at any stage of the experiment (all P ≥ 0.24). There was a tendency (P = 0.08) for cattle in WA with 1 favorable CAPN3 allele to have the slowest flight speeds during backgrounding and at the feedlot. The CAPN3 marker status did not significantly affect feed efficiency in the NSW cattle.
CAPN1 Markers. The effects of the CAPN1-4751 marker on production, efficiency, and carcass traits are presented in Table 5 . The only significant effect (P = 0.037) of CAPN1-4751 marker status in the NSW experiment was that cattle with 0 favorable alleles were heavier at the end of backgrounding than those with 1 or 2 favorable alleles, but this effect on BW was not significant at other stages. There was a tendency for cattle with 1 favorable CAPN1-4751 allele to have improved FCR (P = 0.08) and for cattle with 2 favorable alleles to have a smaller ossification score (P = 0.05). In WA, cattle with 2 favorable CAPN1-4751 alleles had reduced BW at the start (P = 0.002) and end (P = 0.011) of backgrounding, a tendency (P = 0.05) toward reduced BW at feedlot exit, and less (P = 0.06) carcass weight than those with 0 or 1 favorable alleles for this marker. The WA cattle with 2 favorable CAPN1-4751 alleles also had greater backgrounding (P = 0.047) and feedlot (P = 0.014) flight speeds than those with 0 or 1 favorable alleles for this marker.
The effects of the CAPN1-316 marker on production, efficiency, and carcass traits are presented in Table 6 . The only effect of CAPN1-316 genotype on live animal characteristics was that cattle in the NSW experiment with 1 favorable allele grew more rapidly during backgrounding (P = 0.049) than those with 0 favorable alleles. Among carcass traits, the NSW cattle with 0 favorable alleles for CAPN1-316 had darker meat color (P = 0.002) than those with 1 favorable allele, and MSA grading data (Meat Standards Australia, 2009) where ossification score is from 100 to 590 in increments of 10; marble score is from 100 to 1,100 in increments of 10; meat color score is from 1 (lightest) to 9 (darkest); LLM = M. longissimus lumborum.
the WA cattle with 1 favorable allele for CAPN1-316 had greater rump fat (P = 0.029) at slaughter, but CAPN1-316 status did not affect rib fat.
Combined Effects of the Markers. There was no evidence of any interactions between the gene markers on growth, efficiency, or carcass characteristics (all P ≥ 0.15). The most extreme comparison of genotypes deemed to have sufficient number of animals for meaningful comparisons of combined marker effects at both sites was 0_0 vs. 2_2 for CAST_CAPN3. There were no indications that Brahmans with 4 favorable alleles had poorer growth, efficiency, or carcass traits than those with 0 favorable alleles ( Table 7) .
Effects of HGP
The effects of HGP treatment during grain finishing on production, efficiency, and carcass traits are presented in Table 8 . The HGP increased feedlot growth rates by 34 to 50% (all P < 0.001). The greater growth rates due to the HGP resulted in 9 to 10% heavier carcasses (P < 0.001) of HGP-treated than nontreated cattle. Treatment with HGP improved FCR in the NSW cattle by 24% (P < 0.001). There were no interactions between HGP treatment and any other fixed effects for growth, feed efficiency, or carcass weight (all P ≥ 0.051).
In the NSW herd, the cattle treated with HGP had a greater (P < 0.001) ossification score than the HGPfree cattle. In the WA cattle, HGP treatment increased ossification (P < 0.001) and LLM area (P = 0.041) and reduced marbling score (P < 0.001). The HGP-treated cattle in WA also had slightly greater ultimate pH (P = 0.027) than their nontreated counterparts, although both groups were in the acceptable pH range (pH < 5.7).
There was an interaction between HGP treatment and marker genotype, which was between HGP and CAST genotype for LLM area (P = 0.024) in the NSW cattle. There was an increase in LLM area with HGP treatment (55.9 vs. 62.1 cm 2 , n = 35 and 31, SED = 2.48 cm 2 ) among the cattle with 0 favorable CAST alleles, but no increase in LLM area with HGP treatment (59.7 vs. 60.3 cm 2 , n = 43 and 45, SED = 2.48 cm 2 ) in cattle with 2 favorable CAST alleles.
Effects of Sex
The effects of sex on production, efficiency, and carcass traits in cattle in the NSW experiment are presented in Table 9 . The BW of heifers was approximately 7% less (all P ≤ 0.006) than that of steers throughout the experiment. Heifers grew more slowly during backgrounding (P < 0.001) and in the feedlot (P = 0.023) MSA grading data (Meat Standards Australia, 2009) where ossification score is from 100 to 590 in increments of 10; marble score is from 100 to 1,100 in increments of 10; meat color score is from 1 (lightest) to 9 (darkest); LLM = M. longissimus lumborum.
than the steers. The steers had greater feedlot intake (P < 0.001) than the heifers, but there was no difference in feed efficiency due to sex. Heifers had smaller carcasses (P < 0.001) and LLM area (P = 0.018) than their steer counterparts, and the heifers had greater ossification scores (P < 0.001) and more rib fat (P = 0.005) than the steers.
DISCUSSION
This study shows few significant effects of calpain system gene markers for tenderness on productive characteristics of Brahman cattle. Specifically, there were few significant effects of the markers on growth, temperament, or carcass traits, and none on intake or efficiency of feed utilization. No effect of any of the markers on any traits in the present study was significant in both experiments, and the gene marker effects that did occur were small in magnitude. Furthermore, there were no interactions between gene markers and few between the HGP and the gene markers across the range of traits assessed in the present study.
The primary purpose of this experiment was to study the effects of the calpain-system tenderness gene markers within commercial production systems, with a view to identifying any potentially adverse effects of marker-assisted selection for tenderness based on the gene markers and interactions between gene markers and production factors. Although meat tenderness is one of the most important contributors to consumer satisfaction with beef (Mullen et al., 2006; King et al., 2009 ), a reduction in the variability of meat tenderness at the expense of other economically important productive characteristics is unlikely to be acceptable to beef producers.
The cattle were sourced from several commercial and research herds in Qld and WA soon after weaning. Although the cattle at the 2 sites were managed as similarly as possible, there were differences due to genetics and environment before weaning. Some differences in management were also unavoidable given that the sites are located in very different climatic zones. Despite these differences, the effects of calpain system gene markers and their interactions were very consistent between the 2 experiments.
The genotypic frequencies for CAST, CAPN1-4751, and CAPN1-316 across the source herds were similar to those reported for Brahman cattle elsewhere (Casas et al., 2006; Van Eenennaam et al., 2007) . The genotypic frequency for CAPN3 in the cattle was also similar Within a row for the WA experiment, means with different superscripts differ (P < 0.05). MSA grading data (Meat Standards Australia, 2009), where ossification score is from 100 to 590 in increments of 10; marble score is from 100 to 1,100 in increments of 10; meat color score is from 1 (lightest) to 9 (darkest); LLM = M. longissimus lumborum.
to that reported by Barendse et al. (2008) . The relatively low frequency of the favorable alleles for CAST, CAPN3, and CAPN1-4751 indicate that potential exists to increase the frequency of these markers and hence to make genetic improvement of meat tenderness in Brahman cattle. Some variation in marker frequency was evident between the cattle sourced in Qld and in WA. Given that selection based on the tenderness gene markers had not been applied to any of these herds, this may represent normal variation between relatively small subgroups of the broader Brahman cattle population in Australia.
The experiments were primarily designed to study effects of CAST and CAPN3 alleles, and the animals were selected to provide a well-balanced design for these markers. Additionally, we attempted to balance the experiments for the CAPN1-4751 genotypes; however, this proved difficult due to the low frequency of animals with 2 favorable alleles for CAPN1-4751. Likewise, only 1 animal had the favorable CAPN1-316 genotype, so it was removed from the analyses. Hence, comparisons of all 3 genotypes (0, 1, and 2 favorable alleles) for CAST and CAPN3 can be considered reliable, whereas effects due to CAPN1-4751 are more reliable for 0 or 1 favorable alleles only.
Assessing the effects of each marker separately, there was no influence of the CAPN3 marker on any of the traits, whereas the CAST marker had a small but significant effect on 1 trait (rib fat) in one herd (WA). By contrast, the small number of cattle in the WA herd with 2 favorable CAPN1-4751 alleles had less BW and faster flight speeds than those with 0 or 1 favorable alleles. This appears consistent with the NSW herd in which Brahman cattle with 0 favorable CAPN1-4751 alleles were heavier than those with 1 or 2 at the end of backgrounding. However, there were no effects of CAPN1-4751 on carcass characteristics, including carcass weight, in either herd. Cattle with 1 favorable CAPN1-316 allele had a somewhat greater background ADG and lighter meat color in the NSW herd, and thicker rump fat in the WA herd, than cattle with 0 favorable alleles. In combination, these findings show that there were no effects of any marker on nontenderness traits that could be considered large in size of effect, or consistent across related traits or in both herds. This conclusion is further supported by the lack of effects on growth, efficiency, or carcass traits when a combination of 4 favorable alleles for 2 markers was compared with 0 favorable alleles. This is despite the combination of 2 favorable alleles for both CAST and CAPN3 reducing shear force by 12.2 N (NSW) and 9.3 N (WA) in Achilles suspended, 7-d-aged LLM of the cattle (Cafe et al., 2010) . The above conclusion is also supported by results from a recent larger scale genetic (Meat Standards Australia, 2009) , where ossification score is from 100 to 590 in increments of 10; marble score is from 100 to 1,100 in increments of 10; meat color score is from 1 (lightest) to 9 (darkest); LLM = M. longissimus lumborum. study using the same 4 markers (Wolcott and Johnston, 2009 ). These authors found little or no effect of the markers on most steer feedlot and carcass traits or on heifer puberty traits. However, their results suggested a small influence of CAST, CAPN3, and CAPN1-4751 on carcass fatness, with steers with more favorable alleles slightly leaner.
Cattle are commonly treated with an HGP in feedlots in Australia to improve growth and efficiency and increase returns from grain feeding. The most potent HGP treatments contain a combination of trenbolone acetate and 17β-estradiol and have been shown to reduce meat tenderness (Dunshea et al., 2005; Watson, 2008; Greenwood and Dunshea, 2009; King et al., 2009) . The HGP treatment during feedlot finishing in the present experiment resulted in substantial increases in feedlot growth rate and efficiency and heavier carcasses at slaughter, consistent with previous research on HGP (Thompson et al., 2008) . The HGP-treated cattle in the present study also produced significantly tougher beef than their untreated counterparts, as detailed in the companion paper to the present study (Cafe et al., 2010) .
A likely mechanism through which HGP treatment improves growth rates and reduces meat tenderness is the calpain-proteolytic system, in particular due to an increase in the amount or activity of calpastatin in muscle (Thompson et al., 2008) . Hence, we considered that potential exists for interactions between the calpain system gene markers and HGP treatment status. However, the present study provides little evidence to support the occurrence of such interactions. We observed only 1 significant interaction between HGP and marker status (for LLM area in the NSW herd) across the range of traits that we assessed and no significant interactions between the gene markers.
In conclusion, the present study provides no evidence that selection for improved tenderness in Brahman cattle using favorable CAST or CAPN3 alleles would have any serious detrimental effects on growth, efficiency, temperament, or carcass characteristics. Similarly, there was no evidence of effects of the CAPN1-4751 gene marker on productive and carcass characteristics, although the genotypes for this marker were less balanced within our experimental designs than were the CAST or CAPN3 alleles. Based on the findings for the production systems in the present study, it appears that calpain-system gene markers do not interact with HGP status and are suitable for use in marker-assisted selection to improve meat tenderness in Brahman cattle without adverse effects elsewhere in the production system. However, the need exists for further larger- (Meat Standards Australia, 2009) , where ossification score is from 100 to 590 in increments of 10; marble score is from 100 to 1,100 in increments of 10; meat color score is from 1 (lightest) to 9 (darkest); LLM = M. longissimus lumborum. (Meat Standards Australia, 2009) , where ossification score is from 100 to 590 in increments of 10; marble score is from 100 to 1,100 in increments of 10; meat color score is from 1 (lightest) to 9 (darkest); LLM = M. longissimus lumborum. Meat Standards Australia grading data (Meat Standards Australia, 2009), where ossification score is from 100 to 590 in increments of 10; marble score is from 100 to 1,100 in increments of 10; meat color score is from 1 (lightest) to 9 (darkest); LLM = M. longissimus lumborum.
scale assessments to confirm these findings, including in harsher environments.
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